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Myogenic differentiationSkeletal muscle formation is a multistep process involving proliferation, differentiation, alignment and fusion of
myoblasts to form myotubes which fuse with additional myoblast to form myoﬁbers. Toca-1 (Transducer of
Cdc42-dependent actin assembly), is an adaptor protein which activates N-WASP in conjunction with Cdc42 to
facilitate membrane invagination, endocytosis and actin cytoskeleton remodeling. Expression of Toca-1 in mouse
primary myoblasts and C2C12 myoblasts was up-regulated on day 1 of differentiation and subsequently down-
regulated during differentiation. Knocking down Toca-1 expression in C2C12 cells (Toca-1KD cells) resulted in a
signiﬁcant decrease in myotube formation and expression of shRNA-resistant Toca-1 in Toca-1KD cells rescued the
myogenic defect, suggesting that the knockdown was speciﬁc and Toca-1 is essential for myotube formation.
Toca-1KD cells exhibited elongated spindle-like morphology, expressed myogenic markers (MyoD and MyHC) and
localized N-Cadherin at cell periphery similar to control cells suggesting that Toca-1 is not essential for morpholog-
ical changes or expression of proteins critical for differentiation. Toca-1KD cells displayed prominent actin ﬁbers sug-
gesting a defect in actin cytoskeleton turnover necessary for cell–cell fusion. Toca-1KD cells migrated faster than
control cells and had a reduced number of vinculin patches similar to N-WASPKO MEF cells. Transfection of N-
WASP-expressing plasmid into Toca-1KD cells restored myotube formation of Toca-1KD cells. Thus, our results sug-
gest that Toca-1KD cells have defects in formation ofmyotubes probably due to reduced activity of actin cytoskeleton
regulators such as N-WASP. This is the ﬁrst study to identify and characterize the role of Toca-1 in myogenesis.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Skeletal muscle formation, growth, repair and regeneration are de-
pendent onmyoblast fusion, a processwheremononucleatedmyoblasts,
the muscle precursor cells, fuse into nascent multinucleated myotubes
and further differentiate into myoﬁbers [1,2]. In mammals, myoblast
fusion occurs during embryo development and post-natal myogenesis
begins when quiescent satellite cells are activated to become myoblasts.
These myoblasts undergo differentiation and fusion, thus allowing
growth and repair of muscle ﬁbers [2]. A number of cellular processes
are essential for myoblast fusion, namely cell–ECM adhesion, cell migra-
tion, cell–cell adhesion andmembrane fusion [3–6]. The actin cytoskele-
ton, made up of polymerized F-actin and actin associated proteins, has
been shown to be essential in muscle formation and regeneration [1,
7–11]. The rate limiting step in actin polymerization, the formation of
an actin nucleus (G-actin trimer) can be by-passed in the presence of
the Arp2/3 complex. The activity of the Arp2/3 complex is regulated by
theWASP family of proteins such as N-WASP [12,13].6791 3856.
).In Drosophila, a number of proteins implicated in the regulation of
Arp2/3-complex-dependent actin cytoskeleton remodeling has been
found to be crucial for myoblast fusion [14–18]. A highly dynamic
actin structure, termed the actin focus, at the site of myoblast fusion in
the fusion-competent myoblast has been observed with the help of
three-dimensional time-lapse imaging of Drosophila embryo. These
actin-rich foci provide directionality for the trafﬁcking of prefusion ves-
icleswhich are routed to ectopicmembrane sites. Targeted exocytosis of
prefusion vesicles represents a critical step leading to fusion with the
plasma membrane [9]. Recent studies indicate the formation of ﬁnger-
like protrusions from fusion competent myoblast into the apposing
founder cells [19]. Additionally, F-actin-rich foci are organized by the
fusion receptors and actin cytoskeleton regulators [15,16]. Actin remod-
eling is also essential in vertebrate myoblast fusion [7–9,20]. Knock-
down or conditional knockout of N-WASP expression has been shown
to reduce myoblast fusion [9,11]. Additionally, knockdown of Nap1, a
member of the WAVE actin-remodeling complex, also resulted in inhi-
bition of myogenic fusion [1]. These results highlight the importance
of the actin cytoskeleton in myogenic fusion.
The BAR (Bin1-Amphysin-RVS167) family of proteins play a critical
role in membrane deformation by coupling actin cytoskeleton regula-
tors with the membrane [21]. The BAR domain proteins have been
subdivided into N-BAR, F-BAR and I-BAR domain proteins [22]. Both
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Fig. 1. Expression of Toca-1 duringmyogenic differentiation in primarymyoblasts and C2C12 cells. A)Mouse primarymyoblasts (PP2) were differentiated into myotubes by switching to
differentiationmedium (DMEM+2%Horse serum) and images were captured at different days as indicated. B) Cell lysate was prepared from primarymyoblasts cells undergoing differ-
entiation andprotein extracts (30 μg)were analyzed for the expression of Toca-1 andGAPDH (loading control) bywestern blot using anti-Toca-1 and anti-GAPDH antibodies, respectively.
C) Conﬂuent C2C12 myoblasts were differentiated into myotubes by culturing in differentiation medium (DMEM+ 2% Horse serum) and images were captured at different days as in-
dicated. D) Cell lysate was prepared from C2C12 cells undergoing differentiation and protein extracts (30 μg) were analyzed for the expression of Toca-1 and GAPDH (loading control)
by western blot using anti-Toca-1 and anti-GAPDH antibodies respectively.
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tive curvature which supports the formation of vesicles, while I-BAR
domain proteins have been shown to induce negative curvature
which supports the formation of ﬁlopodia [23,24]. Toca-1 (transducer
of Cdc42-dependent actin assembly) is a member of the F-BAR family
of proteins and regulates the actin cytoskeleton. Toca-1 is an adaptor
protein, initially identiﬁed as an essential co-factor for Cdc42-induced
actin assembly via N-WASP in Xenopus extracts [25]. The protein con-
sists of three functional domains; a F-BAR/EFC domain at theN terminus,
an HR1 in the middle, and an SH3 domain at the C-terminus of the pro-
tein. The F-BAR/EFC domain interacts with the phosphoinositides and
promotes invagination of the plasma membrane in vivo [26]. Toca-1
interacts with N-WASP and Cdc42 through the SH3 domain and the
HR1, respectively. The functions of Toca-1 in myogenesis have not been
deﬁned.
Toca-1/N-WASP interaction has been shown to induce the formation
of dynamicmembrane tubules and vesicles [27]. In neuronal cells, Toca-
1 has been shown to be involved in the regulation of neurite outgrowth
[28]. In another study, knockdown of Toca-1 in A431 cells led to defects
in EGF-induced ﬁlopodia and lamellipodia formation. Toca-1 was foundto be required for EGF-induced migration and invasion of A431 cells
which suggests that Toca-1 might play a role in the recruitment and
activation of the actin nucleation machinery within lamellipodia and
ﬁlopodia to enhance cell migration and invasion [29].We have previous-
ly found that IRSp53 an I-BAR domain protein negatively regulates
myogenesis. Knocking down IRSp53 expression in C2C12 cells enhanced
myogenic differentiation, while over-expression of IRSp53 in C2C12
cells inhibited myogenic differentiation (Misra et al., 2012). The IRSp53
knockdown cells had increased number of vinculin patches while the
IRSp53 overexpressing cells had a reduced number of vinculin patches
suggesting that IRSp53 negatively regulates assembly of focal adhesion
and integrin signaling in muscle (Misra et al., 2012).
Here, we have identiﬁed and characterized the role of Toca-1 inmyo-
genic differentiation. Knocking down the expression of Toca-1 by shRNA
led to a signiﬁcant reduction in myotube formation, even though the
differentiationwas not affected as determined by the expression ofmyo-
genic differentiation markers. Toca-1KD cells had a reduced number of
vinculin patches and increased cell motility compared to control cells.
Toca-1KD cells formed cell–cell contacts similar to control cells as deter-
mined by the surface expression of N-Cadherin. The Toca-1KD cells also
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Fig. 2. Toca-1 knockdowncaused amyogenic differentiation defect. A) C2C12 cells transducedwith retrovirus expressing non-redundant shRNA(Ctrl) orM1-shToca-1 (M1)or S3-shToca-1 (S3)
were induced to differentiate by switching toDM.After three days of incubation in differentiationmedium, the cellswere probedwith antibody againstMyHC (myosin heavy chain) andnuclear
stainingwas done usingDAPI. Imageswere acquired andoverlaid. B) Fusion indexwas quantiﬁed as the number of nucleiwithinmyotubes divided by the total number of nuclei calculated from
6 random ﬁelds. Cells withmore than 2 nuclei were counted as nuclei inmyotubes. (*** P b 0.001). C) C2C12myoblasts transducedwith retrovirus as in panel Awere lysed and the cell extract
was analyzed bywestern blotwith anti-Toca-1 and anti-GAPDH (loading control). D)Quantiﬁcation of thewestern blots in Panel Cwas done bydensitometry using ImageJ software. (*P b0.05).
1932 B. George et al. / Biochimica et Biophysica Acta 1843 (2014) 1930–1941underwentmorphological changes and formed spindle-shaped cells but,
unlike the control cells, showed reduced cell fusion. The reduced fusion
observed in Toca-1KD could be due to the prominent actin ﬁlaments in
Toca-1KD cells compared to the control C2C12 cells. Toca-1was identiﬁed
as an activator of N-WASP-mediated actin polymerization, and expres-
sion of N-WASP in Toca-1KD cells rescued the myotube formation defect
suggesting that Toca-1 regulates N-WASP activity required for myotube
formation.
2. Materials and methods
2.1. Cell culture and transfection
Mouse C2C12 cells (ATCC) were maintained in growth media, GM
(DMEM/10% fetal bovine serum) at 37 °C in a 5% CO2 humidiﬁed atmo-
sphere. Transfection of plasmid DNAwas carried out using 25 kDa linear
Polyethyleneimine (PEI) according to the manufacturer's recommend-
ed protocol.
2.2. DNA constructs
Toca-1 shRNA (M1-shToca-1 and S3-shToca-1) and non-relevant
shRNA were cloned into pSIR-EGFP plasmid under the transcriptional
regulation of U6 Promoter. Three Silent mutations were introduced
into cDNA encoding Human Toca-1 (NM_017737) to render it resistant
to the S3 shRNA and cloned into pLJM1 ([30], Addgene plasmid 19319)
to generate pToca-1R and human N-WASP was cloned into pFIV (open
Biosystems, CO, USA).
2.3. Mouse primary myoblasts isolation
Mouse primary myoblasts were isolated from new born normal mice
(C57BL6) as described previously [31]. The hind limbmuscleswere isolat-
ed, minced using a scalpel and digested with 0.2% collagenase (Sigma,MO, USA) for 1 h. The cells were harvested by centrifugation and seeded
in Ham F-10 media with 20% FBS and 2.5 ng/ml bFGF (basic Fibroblast
Growth Factor). The cells were grown to conﬂuence and switched to 2%
horse serum (HS) containing DMEM for induction of differentiation.
2.4. Virus preparation and infection
Amphotropic cells were grown in complete DMEM media up to
80–90% conﬂuency before transfectingwith the pSIR-EGFP-shRNA con-
struct. Prior to transfection, the culture medium was changed to fresh
DMEMmedium containing 25 μg of chloroquine. The cellswere then in-
cubated in CO2 incubator for 5 min. 80 μg of plasmid DNA were then
mixed with 124 μl of 2 M CaCl2 and the volume was made up to 1 ml
with water. 1 ml of 2× HBS was then added to the DNA/CaCl2 mixture
and this transfection mixture was quickly added to the cells and incu-
bated for 12 h in a CO2 incubator before changing to fresh complete
DMEM media. The viral supernatant was collected 60 h after transfec-
tion, added to ﬁbronectin-coated 6-well plates and the plateswere cen-
trifuged at 4500 rpm for 90min at 4 °C. Subsequently, C2C12 cells were
added onto these virus-coated plates. Lentivirus particles were generat-
ed by transfecting pToca-1R or empty transfer vector together with the
third-generation packaging constructs into HEK293T cells as described
[32]. The supernatant was used to transduce C2C12 Toca-1KD with
either empty virus or lentivirus expressing Toca-1R. 24 h after infection,
cells were selected with puromycin (1.5 μg/ml) and analyzed for
myogenic differentiation.
2.5. Immunoblotting
Cellswere lysedusing RIPA lysis buffer, the resulting lysatewas boiled
in SDS-PAGE sample buffer for 5min, and 30 μg of proteinswere resolved
on 10% SDS-PAGE gel and transferred onto nitrocellulosemembrane. The
membranewas probedwith appropriate primary antibodies (anti-MyHC
[33]) (Developmental Studies Hybridoma Bank, IOWA, USA), anti-MyoD
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Fig. 3. Expression of Toca-1 in Toca-1KD cells restoredmyogenic differentiation. A) Toca-1KD cells (S3-shToca-1 transduced C2C12 cells) were infectedwith either empty lentivirus or lentivirus
expressing Toca-1Rwhile C2C12ctr cells (control shRNA transduced C2C12 cells) were infectedwith empty lentivirus. The infected cells were selectedwith puromycin as described inMaterials
and methods and switched to DMmedium. Following 3 days of incubation in differentiation media, the cells were probed with anti-MyHC (myosin heavy chain) and DAPI (nuclear staining).
Images were acquired and overlaid. B) The fusion index of cells was quantiﬁed as the number of nuclei withinmyotubes divided by the total number of nuclei calculated from 6 random ﬁelds.
Cells containingmore than two nuclei were considered to bemyotubes. (*P b 0.05). C) Lysates of cells as described in panel Awere used inwestern blots probedwith anti-GFP and anti-GAPDH
primary antibodies (loading control).
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nology, CA, USA) and developed using secondary antibody conjugated
with horse radish peroxidase (Sigma-Aldrich, USA). All the experiments
were carried out in triplicate and densitometry was performed with
ImageJ analysis software (NIH) [34]. Band densities were measured as
area under the curve. Sample intensity was normalized to GAPDH
intensity.
2.6. Fusion index
C2C12 cells undergoing differentiation were ﬁxed and stained with
DAPI and anti-MyHC [33]. We captured six different images from
random ﬁelds. The fusion index was calculated as the ratio of the nuclei
in myotubes to the total number of nuclei in the random ﬁelds. The
assays were done in triplicate and the error bars represent the standard
deviation of 3 independent experiments.
2.7. Immunoﬂuorescence
C2C12 cells grown on coverslips were probed with appropriate
primary antibodies and Alexa-488 secondary antibody while the actincytoskeleton was visualized using Alexa-568 Phalloidin [35]. Fluo-
rescence images were acquired using Olympus IX51 ﬁtted with
Cool SNAPHQ camera and analyzed using Metamorph software (Mo-
lecular Devices).2.8. Scratch assay
C2C12 cells were seeded into a 6-well plate and allowed to grow to
conﬂuence. Wounds of equal size were made by scratching the cell
monolayer with a sterile p200 pipette tip. Cells were washed to remove
debris and changed to serum free media. The whole plate was imaged
over a period of 24 h. The plate was incubated at 37 °C with 5% CO2
between time points. Cell migration was analyzed using MetaMorph
software (Molecular Devices, USA).2.9. Statistical analysis
All experiments were carried out a minimum of three times with
similar results. Statistical signiﬁcance analysis was performed using
student's t-test and *: P b 0.05, **: P b 0.01, ***: P b 0.001.
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Fig. 4. Toca-1KD cells expressmyogenicmarkers during differentiation. A) C2C12 cells transducedwith retrovirus expressing either non-redundant shRNA (Ctrl) or S3-shToca-1 (Toca-1KD)
were induced to differentiate by switching toDM. Cell lysateswere prepared at the indicated time points (0 to 3 days after switching toDM) and analyzed bywestern blot using anti-MyoD,
anti-MyHC and anti-GAPDH (loading control) antibodies. B) Quantiﬁcation of western blots (three independent experiments) was done using densitometry. (*P b 0.05).
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3.1. Expression of Toca-1 is upregulated during myogenic differentiation
The formation of myotubes from myoblasts requires a series of
morphological changes in cell shape and cell membrane deformation
is an essential step in these changes [36,37]. Actin cytoskeleton reorga-
nization provides the force required for membrane deformation, thus
the actin cytoskeleton plays an important role in myogenesis [1].
Toca-1 is an essential co-factor for Cdc42-induced actin polymerization
via N-WASP [29]. The F-BAR domain of Toca-1 has also been shown to
be involved in the invagination of the cell membrane [38], a crucial
step for fusion [28].
In order to determine the role of Toca-1 in differentiation, the
expression of Toca-1 during differentiation of bothmouse primarymyo-
blasts and C2C12 cells was determined. Mouse C2C12 cells were
cultured in growth medium, GM (DMEM+ 10% FBS) while mouse pri-
mary myoblasts were grown in growth medium (F10 + 20% FBS).
When both cell lines reached 80%–90% conﬂuence, the growthmedium
was replaced with differentiation medium, DM (DMEM + 2% horse
serum) to initiate differentiation. Cell lysates from both the primary
mouse myoblast and C2C12 cells undergoing differentiation were ana-
lyzed by immunoblotting using an anti-Toca-1 antibody. The western
blots showed that the expression of Toca-1 was up-regulated at day 1
(Fig. 1). The expression of Toca-1 was subsequently down-regulated
gradually as the mouse primary myoblast and C2C12 myoblasts differ-
entiated into myotubes. On day 1 in DM, the myoblasts became spindle
shaped and aligned with one another; on day 2, the aligned myoblasts
began to fuse; and on day 3, myotube formation was at its maximum.
The newly fused myotubes also began to mature and became thicker
at this stage (Fig. 1).3.2. Knocking down of Toca-1 expression inhibits myogenic fusion
In order to characterize the role of Toca-1 inmyogenic differentiation,
we generated two plasmids expressing Toca-1-speciﬁc shRNA (M1-
shToca-1 and S3-shToca-1) to knockdown the expression of Toca-1 in
C2C12 myoblasts and a non-relevant shRNA-expressing plasmid was
used as control. The plasmids were transfected into amphotropic cells
to generate retrovirus and the retrovirus was used to transduce C2C12
myoblast cells. The infection efﬁciency was more than 95% (data not
shown). The efﬁciency of knockdown of endogenous Toca-1 expression
was determined by western blot which showed successful knockdown
of Toca-1 levels in C2C12 cells expressing either M1-shToca-1or S3-
shToca-1 shRNAs (Fig. 2C, D). C2C12 cells infected with retroviruses
containing the shRNAs or the control shRNA were assessed for myoblast
differentiation by switching to differentiation medium. At day 3 (D3) of
differentiation, cells were ﬁxed, permeabilized, probed with anti-MyHC
antibodies and stained with DAPI. The fusion index was calculated by
quantifying the number of nuclei within myotubes as a percentage
of the total number of nuclei. The fusion index of Toca-1KD (M1 or S3)
myoblasts was found to be signiﬁcantly lower than control (Ctrl) C2C12
myoblasts, indicating that knockdown of Toca-1 expression in C2C12
cells resulted in a decrease in myotube formation (Fig. 2A, B). Toca-1-
shRNA S3 induced a lower fusion index (11%) as compared to M1-
shToca-1 (28%) which was correlated with the efﬁciency of knockdown.
S3-shToca-1 knockdown cells (Toca-1KD) were used for all subsequent
experiments.
In order to check the speciﬁcity of S3-shToca-1, we transduced Toca-
1KD cells with either empty lentivirus or lentivirus expressing human
Toca-1R and selected on puromycin for 1 week and then switched
to differentiation medium to induce differentiation. We also infected
C2C12ctr cells with empty lentivirus and selected on puromycin for
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Fig. 5. Toca-1KD cells adopted spindle-like morphology similar to control cells. A) C2C12 cells transduced with retrovirus expressing either non-redundant shRNA (Ctrl) or S3-shToca-1
(Toca-1KD) were induced to differentiate by switching to DM at 80% conﬂuency. Images were acquired at 24 h (day 1), 48 h (day 2) and 72 h (day 3) after changing to DM. B) The length
and width of C2C12 cells undergoing differentiation were measured using ImageJ and the ratio of length/width was plotted for analysis of spindle-like morphology. (*P b 0.05).
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tiation. The Toca-1KD cells transduced with lentivirus expressing human
Toca-1R (resistant to S3-shToca-1) were found to have a signiﬁcantly
higher fusion index compared to Toca-1KD cells transduced with
empty lentivirus and similar to C2C12ctr transduced with empty lentivi-
rus (Fig. 3). Overexpression of Toca-1R in C2C12 cells does not affect
myogenic differentiation (data not shown). Thus, the data indicate
that S3-shToca-1 shRNA is speciﬁc and Toca-1 is required for the forma-
tion of myotubes from myoblasts.
3.3. Toca-1KD cells express MyoD during differentiation
The formation ofmyotubes is amulti-step processes (differentiation,
morphology change, cell migration, cell–cell adhesion and membrane
fusion) and the reduced fusion index of Toca-1KD cells could be due to
defects in any of the processes. To determine whether the reduced
fusion index is due to the inability of the Toca-1KD cells to undergomyo-
genic differentiation, expression of differentiation markers such as
MyoD and MyHC were assessed in Toca-1KD cells. MyoD is a transcrip-
tion factor which activates a number of muscle-speciﬁc genes and is
expressed during early stages of skeletal muscle differentiation. MyHC
serves as a marker for both mature myotubes and unfused terminally
differentiated myoblasts and is expressed later during myogenic differ-
entiation [39]. There was no signiﬁcant difference in MyoD expression
in Toca-1KD and control myoblasts, while Toca-1KD cells expressed
MyHC, though at a lower level than control myoblasts as seen in theimmunoblot (Fig. 4). Immunoﬂuorescence data also show that Toca-
1KD cells express MyHC (Figs. 2A, 3A). Thus, the results suggest that
decreased myotube formation in Toca-1KD cells is not due to the inabil-
ity of the cells to express muscle-speciﬁc genes.
3.4. Toca-1KD cells undergo morphological changes
During myogenic differentiation, myoblasts arrest the cell cycle and
undergo morphological changes to adopt an elongated spindle-like
morphology prior to myoblast fusion [36]. The actin cytoskeleton
plays a critical role in these morphological changes [1]. Thus, we ana-
lyzed the morphological changes of control and Toca-1KD cells during
differentiation by measuring the length and width of cells in differenti-
ation medium. The cell/axial ratio (cell length/width) was used as a
measure of spindle morphology [40]. In growth medium, both control
cells and Toca-1KD cells had a very similar axial ratio suggesting that
Toca-1 does not play a signiﬁcant role in maintaining cell morphology
during proliferation (Fig. 5). Upon switching to differentiation media
both the control and Toca-1KD cells underwent morphological changes
and adopted spindle-like morphology, but the Toca-1KD cells were
more elongated than the control cells during day 1 and day 2 in differ-
entiation media (Fig. 5). Myoblast alignment in Toca-1KD cells was
also similar to the control cells. However after three days of incubation
in differentiation medium, the control cells fused to form myotubes
with a fusion index of 56% while Toca-1KD myoblasts fused at a lower
efﬁciency with a fusion index of only 11% (Fig. 2).
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Fig. 6. Toca-1KD cells had enhanced cell migration. A) C2C12 cells (Ctrl and Toca-1KD) were seeded in a 6-well plate and grown to conﬂuence. A wound was generated in the monolayer
using a sterile pipette tip. The 6-well platewas incubated in amicroscopeﬁtted a CO2 incubate and imageswere acquired over a period of 24 h. B)We calculated thewound area from three
independent experiments using Metamorph software and plotted. (**P b 0.01). C) C2C12 cells (Ctrl and Toca-1KD) were ﬁxed and probed with anti-vinculin antibodies, followed by sec-
ondary antibodies conjugated with Alexa488 ﬂuorophore. D) Quantiﬁcation of vinculin patches in twenty cells each from three independent experiments and plotted as the number of
vinculin patches per cell. (***P b 0.001).
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enhanced cell migration
In order to characterize the fusion defect of Toca-1KD myoblasts
(Fig. 2) we characterize cell migration and cell adhesion characteristics
of the Toca-1KD myoblasts. Cell migration is a crucial process during
myogenesis and Toca-1 has been reported to play an important role in
EGF-mediated cell migration [29]. Hence, we sought to determine if
knocking down of Toca-1 expression has any effect on cell migration
during myogenesis. Cell migration was studied using scratch assay
and quantiﬁed by calculating the area of the wound at the indicated
time points (Fig. 6). Brieﬂy, wounds of equal size were made by
scratching the cell monolayer with a sterile pipette tip. The whole
plate was imaged over a period of 24 h. During the assay, cells were
maintained in serum freemedium to reduce proliferation, so the results
obtained are not due to difference in cells proliferation of control C2C12
cells and Toca-1KD C2C12 cells. The images showed that Toca-1KD cells
migrated faster as compared to the control cells (Fig. 6A, B), suggesting
an enhanced cell migration by Toca-1KD cells. Thus the inability of Toca-
1KD knockdown cells to fuse to formmyotubes is not due to their defects
in cell migration.
Vinculin is a focal adhesion protein and plays an important role in
cell adhesion [41]. We have previously found a correlation between
the reduced number of vinculin patches and increased cell motility
[42] and reduced myogenic differentiation [43]. Thus we checked for
vinculin patches, a marker of focal adhesion, by immunostaining the
Toca-1KD and control cells. We found that the Toca-1KD cells had a
signiﬁcant reduction in the number of vinculin patches compared to
control cells (Fig. 6C, D) suggesting that Toca-1 probably plays a critical
role in focal cell adhesion assembly.3.6. Toca-1KDmyoblasts express and localize N-Cadherin to the cell periphery
Enhanced mobility of the myoblasts might cause reduction in the
frequency of stable cell–cell contact formation [44]. Hence, we wanted
to study if the lack of fusion in Toca-1 knockdown cells was due to
their inability to make proper contacts during differentiation. N-
cadherin is a classical cell–cell adhesionmolecule that is highly expressed
in terminally differentiating mammalian skeletal muscle cells [45,46]. To
determine if the Toca-1KD cells were able to form the intercellular con-
tacts, C2C12 control and Toca-1KD were differentiated for 2 and 3 days,
ﬁxed and probed with antibodies against N-cadherin. N-cadherin was
observed to be equally localized at cell–cell contacts in Toca-1KD and con-
trol myoblasts (Fig. 7). In addition, as shown in western blot analysis,
there was a slight increase of N-cadherin expression in Toca-1KD cells
compared to control cells. This suggests that the reducedmyotube forma-
tion by the Toca-1KD cells is probably not due to loss of cell–cell contact
formation.
3.7. Toca-1KD cells showed increased actin ﬁlaments during differentiation
The actin cytoskeleton has a crucial role in myogenesis and its
importance in myoblast fusion has been demonstrated in mammalian
cells [1,3,20] as well as in Drosophila [9,14,16–18]. Toca-1 is an essential
co-factor for Cdc42-induced actin polymerization via N-WASP, an actin
regulator. Therefore, we stained the control and Toca-1KD cells with
Alex594-phalloidin before and after switching to DM to analyze the
actin cytoskeleton during differentiation. At the undifferentiated stage,
actin ﬁlaments were distributed randomly throughout the cytoplasm.
After one day in DM, the cells became elongated and actin ﬁlaments
were observed to run parallel to each other along the longitudinal axis
D2 D3
Ct
rl
To
ca
-1
K
D
20 µM
A)
B)
Days0 3 01 2 1 2 3
Ctrl Toca-1KD
α- GAPDH
α- N-CAD
C)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
N
-C
ad
/G
AP
DH
 R
at
io
Toca-1KD
Ctrl
Days0 3 01 2 1 2 3
Fig. 7.N-Cadherin is localized at cell–cell contacts in Toca-1KDand control cells. A) C2C12 cells
(Ctrl and Toca-1KD) were induced to differentiate by switching to DM, ﬁxed, permeabilized,
probed for N-cadherin using anti-N-cadherin antibody on day 2 and day 3 of differentiation.
B) Cell lysates from C2C12 cells (Ctrl and Toca-1KD) undergoing differentiationwere isolated
on the indicated days and the expression of N-cadherin and GAPDH (anti-GAPDH) were
analyzed by western blot. C) Quantiﬁcation of Western blots (three independent experi-
ments) was done using densitometry analysis with ImageJ software. (* P b 0.05).
1937B. George et al. / Biochimica et Biophysica Acta 1843 (2014) 1930–1941of the elongated cell (Fig. 8). After two days in differentiation medium,
the number of actin ﬁlamentswas increased and exhibited intense stain-
ing in Toca-1KD cells compared to control cells. After three days of differ-
entiation, parallel bundles of actinﬁlamentswere visible in themyotubes
in control cells. In majority of the mono-nucleated cells in control cul-
tures, actin ﬁbres were randomly distributed. On the contrary, a reduced
number of myotubes was seen in Toca-1 knockdown cells and actin ﬁla-
mentswere still seen running parallel in themono-nucleated cells.More-
over, the individual actinﬁlamentswere thicker andmore intense in cells
transduced with S3-shToca-1-expressing retrovirus (Fig. 8). Thus, it is
possible that Toca-1 knockdownmight have affected the actin cytoskele-
ton remodeling required for myogenic differentiation.
3.8. Expression of N-WASP in Toca-1KD cells rescued the fusion defect
Toca-1 was identiﬁed as an N-WASP-interacting protein and Toca-1
was shown to activate N-WASP in conjunction with Cdc42. The func-
tions of Toca-1 are largely dependent on its SH3 domain, which inter-
acts with proline-rich proteins such as N-WASP [25], and its F-BARdomain which mediates membrane invagination [28]. Toca-1/N-WASP
interaction has been shown to be important for actin reorganization
[25] and also membrane dynamics [28]. Toca-1 has also been reported
to recruit N-WASP to the plasma membrane [47]. Co-expression of
Toca-1 with N-WASP induces the formation of membrane tubules and
motile membrane vesicles [27]. Toca-1KD cells were found to have
reduced numbers of vinculin patches and enhanced cell migration
which are similar to our earlier ﬁndings; N-WASP knockout ﬁbroblasts
had reduced numbers of vinculin patches and enhanced cell migration
[42].
It is possible that the fusion defect observed in Toca-1KD cells is due
to deﬁciency in N-WASP function. We therefore checked for the ability
of N-WASP to compensate for the loss of Toca-1. We transfected the
Toca-1KD C2C12 cells with either empty vector or N-WASP-expressing
plasmid and allowed the transfected cells to differentiate for 3 days
before ﬁxing and staining the cells with anti-MyHC antibody. We
observed signiﬁcantly more fusion in cells transfected with plasmid
expressing N-WASP as compared to Toca-1KD cells transfected with
empty vector (Fig. 9). N-WASP and its binding protein WIP have been
shown to be critical for myogenesis [18], while Cdc42-Toca-1 has been
shown to be critical for N-WASP activation [25]. Thus we visualized
the localization of WIP and Cdc42 by Immunostaining in control and
Toca-1 knockdown cells but did not observe any signiﬁcant difference
in the localization of these two proteins. In order to visualize N-WASP
localization we transfected C2C12 cells with plasmid expressing N-
WASP-EGFP together with either Cdc42 + Vect or Cdc42 + Toca-1. N-
WASP-EGFP localized more efﬁciently to the plasma membrane in the
presence of Toca-1 (Fig. S1). This suggests that the fusion defect is
probably due to reduced activity of N-WASP at the plasma membrane
in Toca-1KD cells.
3.8.1. Latrunculin treatment enhance the fusion index of Toca-1KD cells
We found that the Toca-1KD myoblasts had increased actin stress
ﬁbres compared to the control cells (Fig. 8). A previous study has
shown that stabilizing F-actin in myoblasts using phalloidin inhibited
cell fusion and it was suggested that the increased actinﬁlaments create
a physical barrier, thus inhibiting membrane fusion [48]. It is possible
that the increased actin stress ﬁbres in Toca-1KD cells, plays an inhibito-
ry role in myoblast fusion. Latrunculin has been shown to induce the
loss of stress ﬁbers [49], thus, differentiating Toca-1KD cells were treated
with Latrunculin A (LatA), which sequesters actinmonomers resulting in
actin depolymerisation [50] to reduce the excess actin stress ﬁbres. Toca-
1 knockdown cells were treated with LatA at day 2 of differentiation
(where actin stress ﬁbres were the most prominent) for 2.5 h after
which the LatA was washed out and cells were maintained in differenti-
ation media till day 3. We carried out a titration of LatA (10 nM to
150 nM) to determine the optimal concentration. High concentrations
of LatA (more than 50 nM)were found to be toxic to the both the control
and Toca-1KD cells. We observed increased myotubes formation in Toca-
1KD cells treatedwith 12.5 nM of LatA compared to Toca-1KD cells treated
with DMSO (Fig. 10). This suggests that the myotube formation defect
observed in Toca-1KD cells is probably due to increased actin stress ﬁbres.
4. Discussion
Skeletal muscle formation is a multistep process which involves cell
migration, cell alignment, cell–cell contact andmyoblasts fusion to form
multi-nucleated myotubes [51,52]. The ﬁnal step in the transformation
from a mononucleated myoblast to multinucleated myotubes requires
cell–cell fusion. Though the general steps are known, the identity
of molecules and their role in the transformation of myoblasts to
myotubes are still poorly understood. The actin cytoskeleton plays a
critical step inmany of the cellular processes essential for myogenic dif-
ferentiation. The actin cytoskeleton is regulated by Cdc42/Toca-1 which
binds to N-WASP and relieves the auto-inhibitory conformation of N-
WASP, thus allowing N-WASP to bind and activate the Arp2/3 complex
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cytoskeleton regulator required for myogenesis [9,11].
The expression of Toca-1 was upregulated during myogenic differ-
entiation of both primary myoblasts and the C2C12 myoblasts cell line
(Fig. 1), suggesting that Toca-1 plays a critical role inmyogenic differen-
tiation. Knocking down expression of Toca-1 in C2C12 cells using two
different shRNAs resulted in decreased myotube formation (Fig. 2),
consistent with the hypothesis that Toca-1 is required in this process.
The defect in myotube formation is not due to off-target effects as
exogenous expression of human Toca-1R in the Toca-1KD cells corrected
the myogenic differentiation defect (Fig. 3), suggesting that the Toca-
1 S3-shRNA is speciﬁc.
Myogenesis is regulated by transcription factors such as MyoD
which controls the expression of muscle-speciﬁc genes [53]. Expression
ofMyHC is amarker for late differentiation [54]. Toca-1 has been shown
to regulate gene transcription [55]. In order to rule out the possibility
that the differentiation defect was due to altered Toca-1-mediated
gene expression, we analyzed the expression of myogenic markers
such as MyoD and MyHC. We found that the Toca-1KD myoblasts
expressed MyoD at similar level as the control cells, suggesting no
signiﬁcant defect in differentiation (Fig. 4). Actin cytoskeleton remodel-
ing has been shown to be essential for generating the bipolar shape of
myoblasts in concert with non-muscle myosin 2A [6]. Upon induction
of differentiation, the Toca-1KD cells were found to display an elongatedspindle-like morphology similar to the control cells (Fig. 5). However,
while the control C2C12 cells fused and formed myotubes the Toca-
1KD myoblasts remained aligned and mononucleated after three days
in differentiation medium.
Cell migration is a critical cellular process duringmyogenic differen-
tiation [56,57]. Toca-1 has been shown to play both a positive and neg-
ative role in cell migration. Knocking down Toca-1 reduced EGF-
induced migration in A431 cells [29], while knocking down of Toca-1
or CIP4 lead to increased PDGF-dependent cell migration in mouse em-
bryonic ﬁbroblast (MEFs) [58]. Our observation of increased cell migra-
tion by Toca-1KD myoblast cells (Fig. 6) is consistent with the results
from ﬁbroblasts. The increased cell migration of Toca-1KD myoblasts
may impede cell fusion, since inhibition of myoblast migration has
been shown to enhance cell fusion [44]. During myogenesis, it is essen-
tial to establish proper membrane contact and junction formation
required for fusion [59]. Inhibition of N-cadherin was shown to reduce
chicken myoblast fusion [60]. Immunoﬂuorescence staining and west-
ern blot analysis of N-cadherin showed that Toca-1KD cells were in
contact with each other and expressed N-cadherin similar to control
cells, suggesting defects in cell fusion after cell–cell contacts have been
established.
After cell–cell contact is established, membrane coalescence is
required for myotube formation. Endocytic trafﬁcking had been impli-
cated in membrane fusion [61,62] and the F-BAR domain of Toca-1
40
35
30
25
20
15
10
5
0
Fu
si
on
 In
de
x Vect
N-WASP
**
DAPIMyHC Merge
A)
B) C)
α- GAPDH
α- GFP
50 µm
Vect
N-WASP
Toca1KD +
Toca1KD +
Fig. 9. Expression of N-WASP suppressed the fusion defect of Toca-1KD cells. A) Toca-1KD cells
were double transfected (0 and 24 h) with empty vector or plasmid expressing N-WASP-
EGFP. The transfected cells were switched to DM 24 h after the second transfection. After
three days of incubation in differentiation medium, the cells were probed with antibody
againstMyHC and nuclear stainingwas done usingDAPI. Imageswere acquired and overlaid.
B) Fusion indexwas quantiﬁed as the number of nucleiwithinmyotubes divided by the total
number of nuclei calculated from 6 random 10× ﬁelds. Myoblasts with more than 2 nuclei
were counted as fused myotubes. (*P b 0.05). C) Toca-1KD cells transfected with either con-
trol plasmid or plasmid expressing N-WASP-EGFPwere lysed and probedwith anti-GFP and
anti-GAPDH (loading control) antibodies.
50 µm
DAPIMyHC Merge
DMSO
LatA
0
5
10
15
20
25
30
Fu
si
on
 In
de
x
DMSO
LatA
**
A)
B)
Toca1KD
Fig. 10. Latrunculin treatment suppresses fusion defect of Toca-1 knockdown cells. A)
Toca-1 knockdown cells were treated with 12.5 nM Latrunculin at day 2 of differentiation
for 2.5 h. At day 3 of differentiation, the cells were visualized using antibody againstMyHC
(myosin heavy chain) and nuclear staining was done using DAPI. Images were acquired
and overlaid. B) Fusion indexwas quantiﬁed as the number of nuclei withinmyotubes, di-
vided by the total number of nuclei, calculated from 6 random 10× ﬁelds. Myoblasts with
more than 2 nuclei were counted as a fused myotubes. (**P b 0.01).
1939B. George et al. / Biochimica et Biophysica Acta 1843 (2014) 1930–1941was reported to facilitate membrane invagination [26,28], hence, we
sought to determine if the fusion defect observed in Toca-1KD cells
was due to reduced endocytosis. However, we did not ﬁnd any signiﬁ-
cant difference in transferrin internalization between Toca-1KD and
control cells (data not shown). A previous study that examined the
role of FBP17, CIP4 and Toca-1 in endocytosis has also shown that
knocking down of Toca-1 expression was less disruptive than knocking
down FBP17 and CIP4 [63].
The actin cytoskeleton has been shown to play an important role in
skeletal muscle formation [1,64]. Previous studies have highlighted the
importance of the actin cytoskeleton in myoblast fusion. For instance,
knockdown of actin regulators led to a defect inmurinemyoblast fusion
[65]. In another study, it was demonstrated that conditional N-WASP
knockout in primarymyoblasts resulted in cells undergoingmorpholog-
ical changes, with increased cell migration and an inability to fuse [11].
Toca-1 has been shown to activate the actin regulator N-WASP [25].
In its inactive form, the N-WASP VCA domain is masked by interac-
tion with the GBD domain [66]. Upon binding of Toca-1 and Cdc42
to N-WASP, the inhibition on N-WASP is relieved, thereby initiating
N-WASP-induced actin polymerization [25]. The actin cytoskeleton
of Toca-1KD and controlmyoblasts undergoing differentiationwas visu-
alized using ﬂuorescently labeled phalloidin. Toca-1KD cells had promi-
nent actin ﬁlaments compared to control cells (Fig. 8). Stabilization of
F-actin using phalloidin caused inhibition of membrane fusion probably
due to a physical barrier created by the actin ﬁlaments [48]. Exogenous
expression of CIP4 led to reduction in the stress ﬁbre content [58],suggesting that Toca-1 deﬁciency probably caused the increased actin
ﬁlaments in Toca-1KD cells. N-WASP has also been reported to have
actin-depolymerising activity [67] and relocation of N-WASP/WIP com-
plex to the plasma membrane led to the dissolution of stress ﬁbers in
cytoplasm [68]. It is possible that localization of N-WASP to the plas-
ma membrane and subsequent F-actin polymerization at the plasma
membrane is driven by the dissolution of F-actin ﬁlament in the cy-
toplasm. We found that treatment of Toca-1KD cells with LatA, an actin
depolymerizing drug, suppressed the fusion defect of Toca-1KD cells.
Thus, it is possible that the fusion defects observed in Toca-1 knock-
down cells are due to the reduced activity of N-WASP, resulting in stable
actin ﬁlaments along the longitudinal axis. This could create a physical
barrier to membrane fusion in Toca-1KD myoblasts.
Toca-1 knockdown cells displayed increased cell motility and re-
duced vinculin patches as compared to the control cells (Fig. 6). A
similar observation has been made in N-WASPKO MEFs [42]. Condi-
tional N-WASPKO myoblasts had increased cell motility and did not
form myotubes due to defects in fusion [11]. N-WASP localized to the
plasma membrane more efﬁciently in the presence of Toca-1 (Fig. S1).
This implies that Toca-1KD cells have reduced N-WASP activity causing
a reduction in the formation of actin-rich structures at the plasmamem-
brane critical for cell fusion. This was conﬁrmed by the ﬁnding that
expression of N-WASP in Toca-1KD cells suppressed the fusion defect
of Toca-1KD cells (Fig. 9). N-WASP is activated by a number of proteins
such as Cdc42,WISH (WASP-interacting SH3 protein), Nck and tyrosine
kinases such as Fyn [69]. Thus the exogenously expressed N-WASP is
probably activated by these other N-WASP activating proteins in the
Toca-1KD cells.
We have shown that Toca-1 plays an important role in the conver-
sion ofmyoblasts tomyotubes. Toca-1 is not essential for the expression
of MyoD, nor is it critical for the formation of spindle shaped cells or
1940 B. George et al. / Biochimica et Biophysica Acta 1843 (2014) 1930–1941localization of N-Cadherin to the cell periphery. Toca-1 deﬁciency prob-
ably caused a reduction in the activity of Toca-1-regulated proteins such
as N-WASP and correction of the myogenic defect of Toca-1KD cells by
the expression of N-WASP validated this hypothesis. N-WASP regulates
the actin cytoskeleton and a reduction in activated N-WASP probably
caused the increase in actin ﬁbers seen in Toca-1KD cells. The increased
actin stress ﬁbers in Toca-1KD cells probably inhibited myoblast fusion
as Latrunculin A treatment enhanced myotube formation. This is the
ﬁrst study to identify and characterize the role of Toca-1 in myogenesis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.05.008.
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